
Within ν Standard Model

The Big Questions to be Addressed are

• νe fraction of ν3: – sin2 θ13

•mass hierarchy: – sign of δm2
31

• CP violation: – sin δ != 0

Other Questions

• θ23 ↔ π
2 − θ23

• sign of cos δ = ±
√

1− sin2 δ
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Mixings and Masses Overview:

(12) Parameters: SNO, KamLAND, SK

δm2
21 = +7.9 ± 1.0× 10−5 eV 2

0.23 < sin2 θ12 < 0.35

sin2 θ12 ≥ 1
2 excluded at > 5 σ!

sign of δm2
21 determined at this C.L.

8B solar neutrinos exit the sun as ν2.

Thus SNO’s CC
NC ≈ sin2 θ12

(23) Parameters: SK, K2K

|δm2
32| = 1.5− 3.5× 10−3 eV 2

0.35 < sin2 θ23 < 0.65
(obtained from sin2 2θ23 > 0.91)

Magnitude of δm2
32 and sin2 θ23 both

poorly known!
Sign of δm2

32 Unknown !!!

(13) Parameters: Chooz, SK, K2K

sin2 θ13 < 0.03− 0.05
limit |δm2

32| dependent

0 ≤ δCP < 2π
Unknown!
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Stephen Parke
Fermilab:

independent of
sign(sin δCP )

panicν October 30, 2005
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“The” ν Standard Model

• 3 light (mi <1 eV) Majorana Neutrinos: ⇒ only 2 δm2

• Only Active flavors (no steriles): e, µ, τ

• Unitary Mixing Matrix:
3 angles (θ12, θ23, θ13), 1 Dirac phase (δ), 2 Majorana phases (α2,α3)

|νe, νµ, ντ〉Tflavor = Uαi |ν1, ν2, ν3〉Tmass

Uαi =

 1
c23 s23

−s23 c23

 c13 s13e−iδ

1
−s13eiδ c13

 c12 s12

−s12 c12

1

 1
eiα

eiβ


Atmos. L/E µ→ τ Atmos. L/E µ↔ e Solar L/E e→ µ, τ 0νββ decay

500km/GeV 15km/MeV
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D ≡
1

2
− sin2 θ23

= (|Uτ3|
2 − |Uµ3|

2)/2(1 − |Ue3|
2)

independent of
sign(sin δCP ),
Majorana phases α, β

panicν October 30, 2005
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October 6, 2003 Hisakazu Minakata

WIN03, Lake Geneva, Wisconsin

No indication yet of nonzero !13 from

atmospheric, solar and terrestrial "

#$2

10

 5

!"#$%&'()$("#*!"#$%&'()$("#*

F1:

F1 = f1 + α sin2 θ13

where α ≡ dF1
d sin2 θ13

∣∣∣
sin2 θ13=0

holding SNO’s CC/NC fixed.

F1 = f1 − 0.04 sin2 θ13

≈ 0.10

F2 = f2 − 0.96 sin2 θ13

≈ 0.90− sin2 θ13

F3 = sin2 θ13

Chooz bound sin2 θ13 < 0.04

– Typeset by FoilTEX – 7



Quest for νe fraction in ν3: sin2 θ13

• Current LBL (MINOS)

• Atmospheric Neutrinos

• Low and High Energy Solar Neutrinos

• Supernova Neutrinos

• Short Baseline Reactor (Double Chooz, ...)

• Future Long Baseline (T2K, NuMI, BNL2?, ...)

• Neutrino Factories

• Beta Beams

– Typeset by FoilTEX – 10



Limits on θ13

Chooz and SuperKamiokande:
Chooz was a ν̄e dissappearance
experiment using Reactors.
Energies few MeV.
K2K.

MINOS:
Has some sensitivity to νe above
backgrounds.
Primary goal is to measure |δm2

32|
to 10% —- VERY IMPORTANT.
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Quest for νe fraction in ν3: sin2 θ13

• Current LBL (MINOS)

• Atmospheric Neutrinos

• Low and High Energy Solar Neutrinos

• Supernova Neutrinos

• Short Baseline Reactor (Double Chooz, ...)
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– Typeset by FoilTEX – 8

17

Effect of !msol
2 on the atmospheric oscillation

|Ue3|=0.2

!m12
2=7x10-5eV2
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Quest for νe fraction in ν3: sin2 θ13

• Current LBL (MINOS)

• Atmospheric Neutrinos

• Low and High Energy Solar Neutrinos

• Supernova Neutrinos

• Short Baseline Reactor (Double Chooz, ...)

• Future Long Baseline (T2K, NuMI, BNL2?, ...)

• Neutrino Factories

• Beta Beams
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Ga
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Figure 6: The iso-contours of CC/NC = 0.31 at SNO and QGe = 68.1 SNU in Ga experiments in
the sin2 θ12 − sin2 θ13 plane for different values of ∆m2

21 : ∆m2
21 = 9 · 10−5 eV2 - the dotted lines;

∆m2
21 = 8 · 10−5 eV2 - the solid lines; ∆m2

21 = 7 · 10−5 eV2 - the dashed lines.

22

Goswami + Smirnov
hep-ph/0411359

CC
NC ∼ cos2 θ13 sin2 θ12 + · · ·
sin2 θ13 ↑ ⇒ sin2 θ12 ↑
Ga ∼ cos4 θ13 cos4 θ12 + · · ·
sin2 θ13 ↑ ⇒ sin2 θ12 ↓
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sin2 θ
8B! ≈ sin2 θ12 − 0.9 sin2 θ13

sin2 θ
8pp
! ≈ sin2 θ12 + 1.5 sin2 θ13

sin2 θ
8pp
! − sin2 θ

8B! ≈ 2.4 sin2 θ13

sin2 θ
8pep
! ≈ sin2 θ12 + (0.5???) sin2 θ13
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Super-Chooz:

 interest in Japan, Europe, Russia, USA (CA and IL), China .... 
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sin

2
2!

13
"

m
2
 (

eV
2
)

90! CL

3#

CHOOZ 90% CL
Excluded

New Reactor Experiments:

“Super-Chooz:”
interest in Japan, Europe, Russia,
China and USA (CA & IL).

Figure from J. Link, Columbia U.
Using two detectors with the far
detector being able to be moved
to along side the near detector for
relative calibration.

Systematics Limited experiment.

1− Pνe→νe = sin2 2θ13

[
sin2 ∆atm +O

(
∆solar
∆atm

)]
+O

(
∆solar
∆atm

)2

Clean measurement of sin2 2θ13 down to ∼0.01.

Could be a “quick” and “cheap” experiment, but ...
sparkE – 19 April 2004 20

J. Link, Columbia 

>1%                1                     <3%                       <0.1%

Systematics limit

experiment:

Could be “quick” and 

“cheap” but ...

Clean measurement of

sin
2
2θ13 down to 0.01

∆atm =
δm2

atm
L

4E
= 1.27

δm2
atm

L

E

kinematical
phase
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J. Link, Columbia 

>1%                1                     <3%                       <0.1%

Systematics limit

experiment:

Could be “quick” and 

“cheap” but ...

Clean measurement of

sin
2
2θ13 down to 0.01

∆atm =
δm2

atm
L

4E
= 1.27

δm2
atm

L

E

kinematical
phase

Short Baseline ν̄e Disappearance: aka Reactor:

The O
(

∆solar
∆atm

)
VANISHES if

δm2
atm = cos2 θ12 δm2

31 + sin2 θ12 δm2
32

= m2
3 − (cos2 θ12 m2

1 + sin2 θ12 m2
2)

This is the |δm2
atm|e that could be measured in such an experiment.

Average νe mass in 1 and 2.
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Short Baseline ν̄e Disappearance: aka Reactor:

The O
(

∆solar
∆atm

)
VANISHES if

δm2
atm = cos2 θ12 δm2

31 + sin2 θ12 δm2
32

= m2
3 − (cos2 θ12 m2

1 + sin2 θ12 m2
2)

This is the |δm2
atm|e that could be measured in such an experiment.

Average νe mass in 1 and 2.

• Normal Hierarchy: |δm2
atm|e > |δm2

atm|µ
• Inverted Hierarchy: |δm2

atm|e < |δm2
atm|µ

• Unfortunately difference is small 1 - 2 %

where |δm2
atm|µ from

νµ disappearance.
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Average νe mass in 1 and 2.

• Normal Hierarchy: |δm2
atm|e > |δm2

atm|µ
• Inverted Hierarchy: |δm2

atm|e < |δm2
atm|µ

• Unfortunately difference is small 1 - 2 % !!!

where |δm2
atm|µ from

νµ disappearance.

|δm2
atm|µ ⇒ δm2

32

when θ12 ⇒ 0
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How Good is Good

Enough?

Double Chooz 

Goal

Original Chooz

Detector Error
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interest in Japan, Europe, Russia,
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Clean measurement of sin2 2θ13 down to ∼0.01.

Could be a “quick” and “cheap” experiment, but ...
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J. Link, Columbia 

>1%                1                     <3%                       <0.1%

Systematics limit

experiment:

Could be “quick” and 

“cheap” but ...

Clean measurement of

sin
2
2θ13 down to 0.01

∆atm =
δm2

atm
L

4E
= 1.27

δm2
atm

L

E

kinematical
phase

• Pure measurement of sin2 θ13

— no contamination from
θ23 ↔ π

2 − θ23 degeneracy.

With Off-axis measurements of νµ → νe:

• of sin2 θ23 sin2 θ13 can help resolve
θ23 ↔ π

2 − θ23 degeneracy for sin2 2θ23 $= 1.

• Help resolve hierarchy and determination of sin δ, maybe.
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With Off-axis measurements of νµ → νe:
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θ23 ↔ π
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Pµ→e ≈ Patm + 2
√

PatmPsol cos(∆32 ± δ) + Psol

where

Patm = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol = cos2 θ13 cos2 θ23 sin2 2θ12 sin2 ∆21∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Pµ→e ≈

∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the
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Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.
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≈ 0.002 !!!
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νµ → νe

Pµ→e =
∣∣∣ ∑

j U∗µj Ueje
−im2

jL/2E
∣∣∣2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2
Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Interference term different for ν and ν̄: CP violation !!!
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would
be (Major

ana
) mass

term

but
this

viol
ates

con
serv

atio
n of elec

tric
cha

rge!

– Typeset
by Foil

TEX
–

14

Pµ→e ≈ | √
Patme−i(∆32±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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νµ → νe

Pµ→e =
∣∣∣ ∑

j U∗µj Ueje
−im2

jL/2E
∣∣∣2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
∣∣ 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

∣∣2
Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
Interference term different for ν and ν̄: CP violation !!!
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Figure 1: Shown are (a) the neutrino mass-squared eigenvalues in matter and (b) the ratio

Jm/Jv, for the parameters listed in eq. (15), as a function of the neutrino energy. Positive

energies correspond to neutrinos, and negative energies correspond to anti-neutrinos (vice

versa for inverted δm2’s).

produces a large value of Jm. A quantitative view of the impossibility of matter to produce

a truly large amplitude results when the explicit expression for Jv in eq. (5) is substituted

into eq. (8). The result is

P !T
m = 2 cos θv

31 sin(δv)

[
[(sin 2θ21δm2

21)(sin 2θ32δm2
32)(sin 2θ31δm2

31)]v
[δm2

21 δm2
32 δm2

31]m

]
sin ∆m

21 sin ∆m
32 sin ∆m

31 .

(17)

As seen from eqs. (10) and (13), at either resonance the bracketed factor in this equation does

not become large. What the resonance manages to do is to cancel the small vacuum value of

sin 2θv
21 or sin 2θv

31 in the amplitude (16Jv) of the T-violating oscillation. But accompanying

even this cancellation is a negative consequence for the associated oscillation lengths, to

which we now turn.

3 Baseline Limitations

A significant enhancement of T-violating oscillation amplitudes requires a small-angle reso-

nance. The conditions for this are either

δm2
21|m ! δm2

21|v or δm2
32|m ! δm2

21|v . (18)

6

Matter Effects:

sin∆31 ⇒
(

∆31
∆31∓aL

)
sin(∆31 ∓ aL)

sin∆21 ⇒
(

∆21
∆21∓aL

)
sin(∆21 ∓ aL)

sin∆32 ⇒ sin∆32

{δm2 sin 2θ} is invariant
and

a = GFNe/
√

2
= (4000 km)−1

Matter effects are IMPORTANT when sin(∆∓ aL) $= (∆∓ aL).

Matter Effects important for NuMI-OFF-Axis ( 800 km), less so for JParc (295 km).
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Numerous Ways to Study νµ↔ νe Transitions:

• Off Axis - Narrow Band Beams νµ → νe (T2K and NOvA)

• On Axis - Broadband Beam νµ → νe (BNL 2 HSK)

• Neutrino Factory νe → νµ

• Beta Beams νe → νµ
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Off-Axis Neutrino Beams:

Eν = 0.43Eπ
(1+θ2γ2

π)
Off-Axis the beams are Narrow!
approx. gaussian with spread
20% < Eν >

GREAT !!!
as the primary bckgrd to νe

detection is π0 coming from
higher energy NC events. (νe

contamination in beam is small
0.5% and apprx known.)

BNL-proposal ’94
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Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}
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0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA
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T2K NOvA

Minakata+Nunokawa
hep-ph/0108085

FLARE



Search for !e appearance

excluded
by reactor

sin22!13>0.006 (90%)
sin22!13>0.018 (3")

x20

Sensitivity

Sensitivities in the first phase(5yrs)

#
(s
in
2
2
!
2
3
)

0.01

1×10-4

#(sin22!)
#($m2)

OA 2.5deg.

!µ disappearance

w/ beam MC, & full SK det. simulation

True $m23
2 (10-3eV2)

#
($
m
2
3
2
)

sin22!13

<1×10-4(eV2)

~0.01

Sensitivity to 

Mixings and Masses Overview:

(12) Parameters: SNO, KamLAND, SK

δm2
21 = +7.9 ± 1.0× 10−5 eV 2

0.23 < sin2 θ12 < 0.35

sin2 θ12 ≥ 1
2 excluded at > 5 σ!

sign of δm2
21 determined at this C.L.

8B solar neutrinos exit the sun as ν2.

Thus SNO’s CC
NC ≈ sin2 θ12

(23) Parameters: SK, K2K

|δm2
32| = 1.5− 3.5× 10−3 eV 2

0.35 < sin2 θ23 < 0.65
(obtained from sin2 2θ23 > 0.91)

Magnitude of δm2
32 and sin2 θ23 both

poorly known!
Sign of δm2

32 Unknown !!!

(13) Parameters: Chooz, SK, K2K

sin2 θ13 < 0.03− 0.05
limit |δm2

32| dependent

0 ≤ δCP < 2π
Unknown!
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5 yrs 0.75MW 
with SK

T2K:

assumes δ = 0

Question: What exposure
is required to reach this
sensitivity if δ = ±

π

2
?



√
Patm = ±2

√
Psol sin δ
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Zero Mimicking Soln:



√
Patm = ±2

√
Psol sin δ

√
Patm = −2

√
Psol cos(∆32 ± δ)
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NuMI:  NOvA, FLARE
Zero Mimicking Soln:



T2K: NOvA:

Matter Effects 3 times more important

for NOvA than T2K.

NOvA, FLARE:

Mena+Parke
hep-ph/0505202FIG. 6: Sensitivity to the sign(∆m2

31)-extraction at the 95% CL within the three reference setups

explored in the present study. The labels L, M and S correspond to the Large, Medium and

Small experimental setups explored in this study, respectively. The dashed black curve is obtained

from Eq. (7) setting 〈sin δ〉− = −1 (〈sin δ〉+ = +1) for the normal (inverted) hierarchy. This is the

bound that would be obtained with infinite statistics and in the absence of backgrounds.

are obviously crucial to resolve the hierarchy of the neutrino mass spectrum9. The sensitivity

to the measurement of the sign of the atmospheric mass difference is expected to be better

when the sign of sin δ is negative: in the case of the Medium experimental setup, the

sensitivity to the sign (∆m2
31)-extraction is lost for positive values of sin δ. We show as well

in Fig. (6) the theoretical limit on the sign(∆m2
31)-extraction, which acts as a rigorous upper

bound on the experimental sensitivity curves. A possible way to resolve the fake solutions

associated to the sign of the atmospheric mass difference would be to combine the data from

the proposed NuMI 10 km off-axis and T2K experiments [20, 25]. The complementarity of

the NuMI and T2K experiments can be explicitly shown by exploiting the identity given in

9 Recently, new approaches for determining the type of hierarchy have been proposed [28] by exploiting other

neutrino oscillations channels, such as muon neutrino disappearance, and require very precise neutrino

oscillation measurements.

14

Mass x POT x Eff

“S”: 3e22 proton Ktons
=(3.5+3.5) yrs @ 6.5e20 pot/yr  

x {30 ktons x 24%} or {9 ktons  x  80%}

M:  5 x “S”     L: 25 x “S”



The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)

5

5yr+5yr: 2 MW: 50kton hi-eff.

21sparkE  HQ&L 04

NOvA:

sensitive to sign of cos δ = ±

√
1 − sin

2
δ

Solar Survival Probability: sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05

Kinematic Phase: ∆ij =
δm2

ijL

4E = 1.27
δm2

ijL

E

T2K: sin δ+ = sin δ− + 0.5
√

sin2 2θ13
0.05

NOνA sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05
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low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The
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√
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The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:
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NOvA:

sensitive to sign of cos δ = ±

√
1 − sin

2
δ

Solar Survival Probability: sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05

Kinematic Phase: ∆ij =
δm2

ijL

4E = 1.27
δm2

ijL

E

T2K: sin δ+ = sin δ− + 0.5
√

sin2 2θ13
0.05

NOνA sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05
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the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our
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if the measurement uncertainty on

√
Patm = ±2

√
Psol sin δ

√
Patm = −2

√
Psol cos(∆32 ± δ)

if the measurement uncertainty on

sin δ ≈ ±0.2

then the two fake solutions are well separated down to sin2 2θ13 = 0.01!!!
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the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
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T2K:

no info on sign of cos δ = ±

√
1 − sin

2
δ

Solar Survival Probability: sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05

Kinematic Phase: ∆ij =
δm2

ijL

4E = 1.27
δm2

ijL

E

T2K: sin δ+ = sin δ− + 0.5
√

sin2 2θ13
0.05

NOνA sin δ+ = sin δ− + 1.5
√

sin2 2θ13
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sparkE – 1 June 2004 2

!
δ = π/4

fac
to

r o
f 3

 !!
!

Vac O
sc M

ax

Mena + SP
hep-ph/0408070



Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}
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0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA

810km  
@ 10 km OA

2.3 GeV

200km  
@ 8 km OA

0.7 GeV

Neutrino - Neutrino

NOvA plus “NEAR” DETECTOR

approx same
 E/L

Mena, Palomares, Pascoli
hep-ph/0504015
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Physics Reach with a Proton Driver

• For every scenario, the FNAL program can offer a unique
opportunity to measure mass hierarchy

• For sin22!13>.01 FNAL has already in hand very powerful tool to get
to the physics:  the NuMI beamline

NOvA  +  ...

Sensitivity

Mass Hierarchy CP Violation

10
−4

Fermilab Proton Driver Report

from Off Axis



Leptonic CP and T Violation 
in Neutrino Oscillations

Leptonic CP and T Violation in Oscillations

CP
νµ ↔ νe ⇐⇒ ν̄µ ↔ ν̄e Super-Beams

T $ $ T

νe ↔ νµ ⇐⇒ ν̄e ↔ ν̄µ Nu-Factory
CP

CP Violation in Neutrino Oscillations

is related to Leptogensis
and hence Baryogenesis.
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Leptogenesis



CP Violation and Leptogenesis

• For most Neutrino Mass Models there is a relationship between
the Dirac CP phase δ and Majorana CP phases α2, α3.

• At a minimum they are all zero or all non-zero.

• α2, α3 are responsible for Leptogenesis in the early universe by
allowing for different decay rates of Neutral Heavy Leptons:

N → l+φ− and N → l−φ+

• B = 1
2(B − L) + 1

2(B + L), however (B + L) violated.

• Hence the Dirac CP violating phase, δ, is a handle on
Leptogenesis and hence Baryogenesis.

Fukugita and Yanagida, Phys. Lett. B174, 45 (1986)
Frampton, Glashow and Yanagida – hep-ph/0208157
Endoh, Kaneko, Kang, Morozumi – hep-ph/0209098

.....
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FIG. 7: Sensitivity to CP violation (i.e. sin δ != 0) at the 95% CL. The difference in the shape

of the two top exclusion curves is due to the additional restrictions coming from the presence

of the sign(∆m2
31)-degeneracies. If the hierarchy were determined, the top curves would be close

to a reflection of the bottom ones. The labels L and M correspond to the Large and Medium

experimental setups explored in this study, respectively.

V. ANALYSIS IN ENERGY BINS

In the present section we restrict the analysis to the intrinsic degeneracies: we assume

that Nature has chosen ∆m2
31 > 0 and θ23 = π/4, and we concentrate on only one scenario,

the Large setup.

In order to eliminate the fake solutions associated with the wrong choice of the sign of

cos δ, we exploit here the energy dependence of the signal. We have thus divided the total

number of events in two bins of equal width ∆Eν = 0.5 GeV 11. The χ2 function of Eq. (11)

at the fixed baseline L = 810 km now reads:

χ2 =
∑

p=e+,e−

∑
i

(
N+

i,p − N+
i,p − Bp

δN+
i,p

)2

, (14)

11 A very conservative estimate for the neutrino energy resolution in the range of interest is ∆Eν/Eν ∼ 50%

16

CP Violation:
NOvA, FLARE
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Physics Reach with a Proton Driver

• For every scenario, the FNAL program can offer a unique
opportunity to measure mass hierarchy

• For sin22!13>.01 FNAL has already in hand very powerful tool to get
to the physics:  the NuMI beamline

NOvA  +  ...

Sensitivity

Mass Hierarchy CP Violation



LBL LBL Reactor
Variable νµ → νµ νµ → νe ν̄e → ν̄e Comments
Measured ν̄µ → ν̄e

|∆m2
32| Y n n magnitude but not sign

sin2 2θ23 Y n n θ23 ↔ π
2 − θ23 ambiguous

sin2 θ13 n n Y direct measurement

sin2 θ23 sin2 θ13 n Y n combination of θ23 and θ13

sign(∆m2
32) n Y n via matter effects

cos θ23 sin δCP n Y n CP violation

cos θ23 cos δCP n ? n extremely difficult
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Solving Degeneracies:

Reactor + Off Axis:



• 28 GeV protons. 1 MW beam power. Horn focussed

• 500 kT water Cherenkov detector.  

• baseline > 2500 km.  WIPP, Henderson, Homestake

• We have proven by 3 years of work that this can be done.

 

2540 km

Homestake
BNL

AGS Super Neutrino Beam Facility Horn Geometry

BNL Wide Band. Proton Energy = 28 GeV
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Figure 6.7: Wide band horn focused muon neutrino spectrum for 28 GeV protons on a graphite
target.

BNL Wide Band. Proton Energy = 28 GeV
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Figure 6.8: Wide band horn focused muon antineutrino spectrum for 28 GeV protons on a
graphite target.
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Numerous Approaches to Studying νµ↔ νe Transitions:

• Off Axis - Narrow Band Beams νµ → νe (T2K and NOvA)

• On Axis - Broadband Beam νµ → νe (BNL 2 HSK)

• Neutrino Factory νe → νµ

• Beta Beams νe → νµ

On Axis Beams:
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• Neutrino Factory νe → νµ

• Beta Beams νe → νµ

On Axis Beams:
• Many Off Axis experiments in one!
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Deborah Harris, Neutrino Factory Physics Update 25

Summary of Sensitivities

Beam Mass Power Matter

Name (kton) (MW) sens. Effect

OPERA 1.8 0.15 0.04 -

ICARUS 2.4 0.15 0.03 -

MINOS 5 0.4 0.05 -

CNGS 2.35 .15 CP

T2K 22.5 0.8 0.006 - -

NO A 50 0.4 0.004 - CP

T2HK 450 4 CP

Super-NO A 100 2 CP

BNL2NUSL 500 1 0.004 &

CP

CERN SPL 400 4 0.0016 CP

Beam 400 .04 T viol. CP

Factory 50 4 huge!

at ,at

all evaluated at different regions of parameter space!

Komatsu, Migliozzi, Terranova J.Phys.G29 443, 2003

Diwan, Messier, Viren, L.Wai, NUMI-L-714

Assume 5% systematic uncertainty!

modified, Rubbia, Sala, hep-ph/0207084

Comparison of Fluxes

per MegaWatt

at each experiment:

Note Factory flux

divided by 3

to fit on graph!

Deborah Harris, Neutrino Factory Physics Update 21

Why is at a Factory Easy?

Neutrinos/MW proton power cf conventional beams

No Intrinsic in the beam, only ’s

Charge of Muon easier to measure than separation

Detector Technology straightforward (see MINOS)

Backgrounds at level, not few

P
µ

eff

S/N

D
!

!!

K
!

momentum cut  (GeV)

(c) µ+
q

 Z

" "

K,!

Momentum cut on muon

easily removes

backgrounds

Cervera et al, Nucl.Phys.B579 17,2000

• Higher E means larger cross section,
more events.

• Higher E allows larger L for same E/L,
bigger matter effects (amplifies Patm).
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Conclusions:

the θ13 window
is a

WONDERFUL OPPORTUNITY:

• sin2 θ13 != 0 Reactor and LBL needed.

• For Mass Hierarchy we need more than
one Off-Axis Exp. T2K + ”NuMI exp.”
OR an On-Axis Exp.

• CP violation: Need many events: this implies
Big detectors, Powerful Source, High Eff.
(also $$$)
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• For Mass Hierarchy we need more than
one Off-Axis Exp. T2K + ”NuMI exp.”
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Geordi La Forge:

in “The Enemy”

Star Trek: The Next Generation

The visor “sees”

Neutrinos!!!

... but this requires special
New Physics !!!



The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)
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NOvA:

sensitive to sign of cos δ = ±

√
1 − sin

2
δ

Solar Survival Probability: sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05

Kinematic Phase: ∆ij =
δm2

ijL

4E = 1.27
δm2

ijL

E

T2K: sin δ+ = sin δ− + 0.5
√

sin2 2θ13
0.05

NOνA sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05
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4 ellipses:

Mena + SP
hep-ph/0408070

a = GFNe/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E and ± = sign(δm2

31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇓
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a = GFNe/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E and ± = sign(δm2

31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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Pµ→e ≈ | √
Patme−i(∆31±δ) +

√
Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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Burget-Castell etal
hep-ph/0103258

Parameter Degeneracies:

〈sin δ〉+ − 〈sin δ〉− =
(

4
3π

)2
(

tan θ23
sin 2θ12

) (
δm2

31
δm2

21

)
(aEL)

√
sin2 2θ13

0.05
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〈sin δ〉+ − 〈sin δ〉− =
(

4
3π

)2
(

tan θ23
sin 2θ12

) (
δm2

31
δm2

21

)
(aEL)

√
sin2 2θ13

0.05

(aEL)NOvA = 3 (aEL)T2K

a ≈ 1
4000 km
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Pmat(νe → νµ, δm2
31, δm

2
21, δ)

≈ Pmat(ν̄µ → ν̄e,−δm2
31, δm

2
21,π − δ)

T2K will operate at Vacuum Oscillation Maximum

P (µ→ e) = Patm − 2
√

PatmPsol sin δ + Psol

at sin2 2θ13 = 0.006 Patm = 4Psol

( Psol = 0.1%)

Therefore

P (δ = 0) = 5Psol

P (δ = −π
2) = 9Psol half exposure required.

P (δ = π
2) = Psol NO contribution from θ13 !!!!
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√
Patm = ±2

√
Psol sin δ

sparkE – 17 Nov 2003 4

Pmat(νe → νµ, δm2
31, δm

2
21, δ)

≈ Pmat(ν̄µ → ν̄e,−δm2
31, δm

2
21,π − δ)

T2K will operate at Vacuum Oscillation Maximum

P (µ→ e) = Patm − 2
√

PatmPsol sin δ + Psol

at sin2 2θ13 = 0.006 Patm = 4Psol

( Psol = 0.1%)

Therefore

P (δ = 0) = 5Psol

P (δ = −π
2) = 9Psol half exposure required.

P (δ = π
2) = Psol NO contribution from θ13 !!!!

Also

P (δ = −π
2) = 5Psol when sin2 2θ13 = 0.003

P (δ = π
2) = 5Psol when sin2 2θ13 = 0.02
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T2K:
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